phosphate and ribulose-5-phosphate (Figure 1 ). This intracellular enzyme is essential in the pentose phosphate pathway and in the Calvin cycle of plants. It is ubiquitous and its sequence is highly conserved in species ranging from archaea and bacteria to plants and animals. The necessary catalytic components for the converSweden sion of the aldose to the ketose (or vice versa) are shown in Figure 1 . The isomerization requires the open chain form of the sugar, which is normally in equilibrium with Summary the more common ␣-and ␤-furanose sugars; the three species interconvert freely via both acid-and base-cataRibose-5-phosphate isomerase A (RpiA; EC 5.3.1.6) lyzed mechanisms in solution. There is kinetic evidence interconverts ribose-5-phosphate and ribulose-5-that RpiA must bind to one or more of the furanose phosphate. This enzyme plays essential roles in carboforms, and it has been proposed that the ring is opened hydrate anabolism and catabolism; it is ubiquitous and in situ, possibly with the enzyme providing catalytic ashighly conserved. The structure of RpiA from Eschesistance [2]. The isomerization itself is a 1,2 shift similar richia coli was solved by multiwavelength anomalous to that carried out by triose phosphate isomerase and diffraction (MAD) phasing, and refined to 1.5 Å resoluphosphoglucose isomerase [3]. In the "forward" direction (R factor 22.4%, R free 23.7%). RpiA exhibits an tion, a basic group of the enzyme must extract a proton ␣/␤/(␣/␤)/␤/␣ fold, some portions of which are similar from C2 of the aldose, generating a cis-1,2-enediol(ate) to proteins of the alcohol dehydrogenase family. The intermediate, and then release the same proton at C1. two subunits of the dimer in the asymmetric unit have Simultaneously, a second protein group located on the different conformations, representing the opening/ opposite site of the active site transfers a proton from closing of a cleft. Active site residues were identified O2 to O1, to produce the ketose sugar. The "reverse" in the cleft using sequence conservation, as well as reaction is apparently just that, the same steps acting the structure of a complex with the inhibitor arabinosein the opposite sense. Ribulose-5-phosphate cannot 5-phosphate at 1.25 Å resolution. A mechanism for close to form a ring, and so that portion of the catalytic acid-base catalysis is proposed. 
Figure 1. RpiA Reaction
The expected catalytic acids and bases are placed with respect to the substrates, products, and intermediates. Carbon atoms of the sugars are numbered.
quence of the human enzyme (http://www.ncbi.nlm.nih.
Results and Discussion gov). A second, unrelated enzyme has been characterized in E. coli [5] ; RpiB is also of unknown structure, Preparation and Characterization of RpiA E. coli RpiA was overexpressed as a His-tagged Sebut its distribution and metabolic roles appear to be narrower.
Met-labeled protein, which was subsequently treated with TEV protease to remove the affinity tag. The kinetic RpiA was selected as a target in an ongoing structural proteomics project (http://www.mcsg.anl.gov; http:// properties of the final enzyme preparation were tested using a spectrophotometric assay that follows the conwww.uhnres.utoronto.ca/proteomics) because it is a member of a large, highly conserved family of proteins version of ribose-5-phosphate to ribulose-5-phosphate. The results of a typical set of kinetic experiments are central to metabolism in all three kingdoms of life, and because it did not have a known structural homolog. In shown in Figure 2 . Multiple series were used to determine a k cat of 2100 Ϯ 300 s Ϫ1 and a K m of 3.1 Ϯ 0.2 mM; this paper, we report the 1.5 Å resolution structure of RpiA from E. coli as well as the 1.25 Å structure of the the specificity constant, k cat /K m , is thus 6.8 ϫ 10
5
. These values are in good agreement with previously published same enzyme in complex with the inhibitor arabinose-5-phosphate. These structures allowed us to identify the residues of its active site, showed that conformational changes are likely to be an essential part of its function, and allowed us to propose a catalytic mechanism. Very recently, the structure of a hyperthermostable RpiA from Pyrococcus horikoshii was published [6] , which both confirms our results and provides complementary information in the form of a complex with the inhibitor D-4-phosphoerythronic acid. (Table  buries 1140 Å 2 of its surface in the dimer interface, near the average observed for homodimers of similar size 1). A representative sample of electron density in the original MAD map is shown in Figure 3 . The apo structure and complexity [8] . The subunit surfaces are very complementary in shape; the interface is calculated to have was subsequently refined at the same resolution, as summarized in Table 2 . a gap volume index of 2.2, also average for a homodimer [8] . Approximately 62% of the atoms providing contacts The fold includes three ␤ sheets, onto which a total of six helices are packed ( Figures 4A and 4B ). Sheet A are nonpolar; there are relatively few hydrogen bonds, although two salt bridges are buried in the interface includes six parallel ␤ strands; a seventh short strand (␤15) lies antiparallel. The first four strands begin the (linking Lys104 and Glu183 of the same subunits). This dimer is likely to be the functional unit in solution, in classic pattern of a Rossmann fold, the sheet of which is completed by two strands later in the sequence (␤7 agreement with published data for both E. coli [5] and spinach [9] enzymes. and ␤14). Three helices (␣1-␣3) shield the concave face of this sheet from solvent. Sheet B acts as a central
The two subunits in the dimer have different conformations, the result of motion of two largely rigid domains platform within the structure, and consists of four short strands arranged in a mixed sheet; helix ␣4 is inserted with respect to each other in the subunit ( Figure 4C ). The smaller of the two domains includes residues 1-67; between sheets A and B. Sheet C comprises four antiparallel strands, with two helices (␣5 and ␣6) protecting only ␣1 does not align within a 0.7 Å cutoff when the N-terminal domains of the A and B molecules are superits external face. Clear electron density in both subunits indicates that the sugar binds as the ␤-furanose most common for The structure of a hyperthermostable RpiA from Pyrococcus horikoshii was published recently [6] , an enzyme ribose-5-phosphate in solution ( Figure 6B ). The A molecule of the dimer has changed conformation, that is, the that shares ‫%04ف‬ sequence identity with E. coli RpiA. The archaeal enzyme is a tetramer generated by the active sites of both subunits now represent the closed form seen for the B molecule in the apo structure. The association of two dimers very similar to that described above. The apo structure of all four subunits is most interactions between the inhibitor and protein are the same in both subunits (summarized in Figure 6C ). O1 in like that of the B subunit of the E. coli enzyme (i.e., the more closed form). Using a cutoff of 1.0 Å , only 78 C␣ the ␤-anomer is within hydrogen-bonding distance of the side chains of Asp81 and Lys94, as well as the main atoms of the A molecule of the Pyrococcus enzyme match with an rmsd of 0.60 Å to the A subunit of E. coli chain carbonyl oxygen of Thr28. The ␣-anomer could possibly be bound as an alternative substrate via similar (all matching residues in the large C-terminal domain). For the B subunit of the E. coli enzyme, 144 C␣ atoms interactions with Glu103 and/or Thr28; however, this anomer was not observed in the electron density. The match with an rmsd of 0.56 Å , the most notable difference being a slight shift in helix ␣5. Of the five insertion/ O2 hydroxyl group also interacts with Lys94, but makes additional interactions with the side chain of Glu103, deletions in the archaeal sequence, only one has potential catalytic significance. An insertion in the ␤10/␤11
and 95-N; residues 98 and 99 are somewhat disordered in both subunits, which may reflect nonoptimal interacloop brings it close to the active site of the other subunit in each dimer-like pair. Mutational evidence, however, tions of their main chain atoms with O2 of the inhibitor. In the ribose substrate, C2 has the opposite configuration, suggests that this insertion does not have any consequences for the reaction [6] .
which is expected to place the hydrogen to be extracted side chain in other sequences. Gly29 is absolutely conserved, both because of its conformation and because mutation at this position generates an inactive enzyme. Nearby residues in the sequence, Gly82, Ala83, Gly95, the presence of a side chain here would block the binding site. Ser30 and Thr31, which participate directly in and Gly97, are conserved for structural reasons.
Because the properties of the sugar substrate near binding the phosphate, are also extremely well conserved. Another conserved amino acid, Asp118, inter-C1 and C2 change considerably during the reaction, strong recognition of the phosphate is probably essenacts with both lysines. Together, residues 7, 25-31, 118, RpiA also provides an interesting comparison with rare in solution (Ͻ0.5%), and there is previous kinetic ribokinase and the ribose binding protein, two other evidence that the enzyme must bind to the furanose proteins that act on ribose sugars. Each uses a particular (summarized in [2] ). Our structure with the very similar form, as dictated by its own functional needs. The ribose inhibitor, arabinose-5-phosphate, shows how RpiA recbinding protein binds to the most common form in soluognizes the furanose sugar, and further suggests that tion, the six-membered pyranose ring, an obvious adAsp81 will assist in subsequent ring opening by acvantage if the sugar is to be gathered efficiently from cepting a proton from the hydroxyl group at O1. Such the surroundings. Ribokinase selects another common assistance has long been discussed for enzymes cataspecies, the five-membered furanose ring, as O5 is in lyzing similar chemistry [13] , an idea that is supported that case available for phosphorylation. In contrast, the by structures of glucosamine-6-phosphate deaminase, chemistry to be performed by RpiA at C1 and C2 requires as well as other unrelated isomerases, such as phosphothe open chain form, which is much less abundant. glucose isomerase [14] . The most likely proton donor Therefore, the enzyme binds first to the furanose, which for this step is water; there is good access to solvent is then opened prior to the isomerization reaction. on the appropriate face of O4.
Once the ring is opened, the phosphate is likely to The structure was then refined to the same resolution against the remote data (redundancy 5.2), using the experimental fraction was then applied to a metal chelate affinity column charged with Ni 2ϩ (QIAGEN). After the column was washed, the protein was (MAD) phases as restraints throughout (refinement target: mlhl). Subsequent manual adjustment was carried out using QUANTA (Aceluted from the column in elution buffer (binding buffer with 500 mM imidazole) and dialyzed into binding buffer, and the tag was celrys). A total of 660 water molecules were added using the program Waterpick in the CNS suite. The final R factor was 22.6% and the cleaved from the protein by treatment with recombinant His-tagged TEV protease. The cleaved protein was then resolved from the R free was 23.9% with all the data included ( Table 2 ). Well-defined electron density was observed for all residues from 2 to 219 of cleaved His tag and the His-tagged protease by passing the mixture through a second Ni 2ϩ column. The RpiA protein was dialyzed both molecules in the asymmetric unit. The stereochemistry of the structure was assessed with PROCHECK [24]; a stringent boundary against 10 mM HEPES (pH 7.5), 500 mM NaCl and then concentrated using a BioMax concentrator (Millipore).
Ramachandran plot [25] shows no residues outside the allowed regions. Table 1 . Diffraction data for the inhibitor complex were collected at 100K at beamline ID14-EH1, ESRF, Grenoble, France. A total of 360Њ of data was collected with Acknowledgments an oscillation of 0.5Њ/frame. These data were processed with MOSFLM and SCALA (as implemented in the CCP4 program suite)
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